EXECUTIVE SUMMARY
Oak Ridge National Laboratory studied 8 homes in the mixed-humid climate, 4 with vented attics and 4 with sealed attics. ORNL wanted to understand the moisture performance of the sealed attic and how it affected the interior environment. We found that the attic and interior of the four sealed attic homes on average were more humid than the attic and interior observed in the four vented attic homes. This can be attributed in part to the fact that sealed attics reduce sensible cooling loads in the home without impacting internal sources of moisture generation (e.g. cooking, showers, etc). Therefore, the sensible heat ratio (SHR) in the home is decreased. If this SHR is much lower than the equipment SHR, then higher interior moisture levels in the sealed attic home could result if no additional moisture mitigation measure is taken. Additionally, excess moisture that enters a vented attic can be removed via vents. However, this drying mechanism is hindered in the sealed attic because the soffit, gable, and ridge vents have been sealed with foam, thereby minimizing ventilation to the exterior. This effect also further decreases the home's SHR in the mixed-humid climate sealed attic home.
An extensive analysis of a simulated-occupancy laboratory home with an unvented attic was conducted to better assess the infiltration and exfiltration of attic moisture. Because solar driven moisture through the roof deck is often speculated as a source of moisture infiltration, physics-based analysis was used to elucidate this phenomenon and to suggest it provides a very limited, if any at all, contribution to the moisture level in the home.
Multiple approaches exist to mitigate higher moisture levels in attics, which include providing conditioned air to the attic. Because the laboratory home had a variable speed HVAC system with the ability to adjust the equipment sensible heat ratio (SHR) closer to the building's (SHR), the higher moisture level in the home was reduced by controlling the humidity. This approach resulted in a 7% increase in cooling energy consumption. Such mechanisms to control humidity should be considered when evaluating the cost effectiveness of the sealed attic design as a solution for bringing ducts into a semi-conditioned space. Other alternatives to bringing ducts into the conditioned space in both new construction and retrofit work in the mixed-humid climate should also be evaluated and compared, when determining the best solution.
Despite the elevated attic and interior moisture in the sealed attic homes, no mold or material degradation has been found to date. The roof sheathing moisture content has stayed below 20%, indicating low potential for material degradation. Also, the relative humidity at the roof sheathing has stayed within the ASHRAE 160 design criteria except for a short time during the 2011/2012 winter. This was due to the duct work not being operated in the attic which usually provides a dehumidification pathway.
INTRODUCTION
Oak Ridge National Laboratory (ORNL) investigated the moisture performance of unvented (sealed) attics in the mixed-humid climate. ORNL had the opportunity to study eight homes, four with sealed attics and four with vented attics. There has been anecdotal evidence of sealed attics leading to roof deck degradation in other humid climates, such as Florida and South East Texas. Cases of high moisture in sealed attics are documented on line on energy and building blogs and websites (GBA 2010 , JLC 2010 . Furthermore, researchers at Florida Solar Energy Commission have documented high moisture levels in sealed attics in Florida (Colon 2011) . The Consortium of Advanced Residential Buildings (CARB) saw higher relative humidity in unvented attics than in vented attics in a dry climate (Aldrich et al. 2010) . Historically, attics were vented to improve the moisture performance of the home. A brief history of vented attics with an introduction to the sealed attic concept follows. (Rose 1995a (Rose , 1995b . Rose states that, in traditional construction, roofs had holes, and the holes provided ventilation, making the house itself a chimney. This ventilation provided cooling as well as the exhausting of odors and contaminants. By the early 1900s, homes were being built with more airtight roofs, which did not allow much ventilation. As insulation infiltrated the housing industry in the 1930s, homes with attic floor insulation had paint peeling on the interior wall, which suggested high relative humidity. It was during this time that the intentional venting of attics was put forth as a means for condensation control. By the 1970s, manufacturers of ridge vents sold their products under the notion that venting of attics in hot climates would decrease the temperature of the attic and thus would decrease the cooling load of the home.
Beginning in 1996, the U.S. Department of Energy (DOE) led research and testing of a sealed attic concept. The concept was designed to decrease the conductive and convective energy losses from the space-conditioning equipment located in the attic. When the insulation is moved from the attic floor to the attic ceiling, the attic temperatures usually stay within 10°F of the interior temperature, so there is a significant decrease in conductive energy loses from the ductwork to the attic. Furthermore, the sealed attic decreases the air infiltration of the whole home because the air/thermal boundary is moved from the leaky attic floor to the less-leaky roof (after foam is applied). With this design, less conditioned air is lost to the outside. The sealed attic design is expected to save 10% in space conditioning energy when ducts are in the attic compared to a vented attic (Rudd et al. 1999 , DOE 2013a From a thermal perspective, the sealed attic performs very well; however, there are still questions concerning how best to design a sealed attic from a moisture perspective, especially in humid climates. This work compares four sealed attic homes to four vented attic homes to determine the moisture performance of sealed attics in the mixed-humid climates and how this energy conservation measure affects the comfort, durability, and energy consumption of the home. While this is not a sample size large enough to be statistically significant, it is sufficient to provide insight into specific trends.
BACKGROUND
Of the eight homes in this study, three were unoccupied test houses and five were occupied homes that had recently had energy retrofit packages installed. All homes were in the mixed-humid climate. There were two unoccupied vented attic homes and one unoccupied sealed attic home. The first vented attic home, called the "builder home," was IECC 2006 code compliant with a vented attic design with R-26 fiberglass insulation on the attic floor. The second vented attic home, called the "high-performance home," had a vented attic with a radiant barrier under the roof deck and R-50 fiberglass insulation on the attic floor. The sealed attic home, called the "retrofit home," had an unvented attic with R-30 underneath the roof deck both insulating and air-sealing the attic roof. The sealed attic had 1 in. of closed-cell foam under the roof deck, then about 5.5 in. of open-cell foam, and then 1 to 2 in. of blown fiberglass insulation called Spider®. Over time much of the fiberglass fell to the attic floor. All homes had similar construction above the oriented strand board (OSB) roof deck (15 lb felt paper and asphalt shingles). The heating and cooling systems were also different in the unoccupied homes and were changed throughout the lifetime of the homes. A graphic describing the different systems is shown in Fig. 1 The occupancy in the homes was simulated by controlling appliances such as the oven, dishwasher, television, clothes washer, and clothes dryer. Water draws to simulate the typical consumption for a three bedroom house were implemented throughout the day by automatically operating the master shower. Ceramic heaters and a humidifier were used to add the sensible and latent heat from the occupants to the space. By controlling the appliances the same in each of the homes, occupancy was no longer a variable and the homes could be compared directly to each other. For more information on the occupancy simulation, see the ASHRAE Transactions paper by Boudreaux et al. (2012a) . For more information on the research homes see the report by Christian et al. (2010) .
Of the five occupied homes, three had sealed attics (Gaiter, Green, and Lakeview) and two had vented attics (Baker and Summit). For more information on these homes see the reports from ORNL (Boudreaux et al. 2012b , Jackson et al. 2012 . Table 2 shows occupancy, floor area, occupant density, and infiltration and attic details for all homes studied. 
METHOD
Temperature and relative humidity sensors were installed throughout the eight homes. In most of the occupied homes, the temperature and relative humidity were measured in the attic and living zones and in some cases below the roof sheathing. Figure 2 shows a diagram of the sensor locations in the retrofit home attic and interior. The sensors in the foam and on the roof deck were installed roughly in the center of the roof face and in the center of a cavity between two rafters. There were sensors installed on the north and south roof. The black, orange, and green dots represent combination probes that include a Honeywell 192-103LET-AO1 that measured temperature and a Honeywell HIH-4000 that measured relative humidity. The red and brown dots in the middle of the attic and the interior represent Campbell Scientific, Inc., HMP60 temperature and relative humidity probes. For the two unoccupied vented attic homes (builder and high performance) there was no foam under the roof deck so the orange and green sensors were not available in those homes. Not shown in Fig. 2 , are Ashcroft Inc. CXLdp differential pressure transducers, which measured the difference in air pressure between the attic and the interior of the house in the builder and retrofit homes.
Water vapor moves by diffusion from areas of higher concentration to areas of lower concentration. The partial pressure of water vapor (p v ) is analogous to water vapor concentration. We can use these measurements with modeling software to estimate the flow of water vapor by diffusion between the roof sheathing and attic and between the attic and interior. Also, air moves from areas of high pressure to areas of low pressure. We can estimate the movement of moisture by advection (moisture transport by moist air movement only) across the ceiling plane in the retrofit home because we have determined the air flow equation as a function of the pressure difference across the ceiling plane. These two transport mechanisms of water vapor movement, by diffusion and by convection of air, will be used to gain understanding of the moisture performance of the sealed attic in the mixed-humid climate.
RESULTS AND DISCUSSION
Before we present the diffusion and convection moisture flows, we will discuss the general trends of absolute moisture across all eight homes in this study. Figure 3 compares the monthly average p v in the sealed attic homes with those of the vented attic homes for the time period where data are available for all eight homes. Each bar is the monthly average of water vapor concentration for either the four sealed attics (red bars) or the four vented attics (blue bars). As shown in Fig. 3 , the sealed attics are more humid than the vented attics. Figure 4 compares the interior moisture levels in the four homes with a sealed attic to the four homes with a vented attic. The averages are higher in the sealed attic homes, but the error bars overlap for every month. This suggests that the effect of the sealed attic on the interior moisture levels of a home depend highly on the characteristics of the home. Variables such as occupant density, infiltration, and thermostat schedule can all affect the interior moisture levels. Figure 5 breaks Fig. 4 into each home in the study. Two of the sealed attic homes, Green and Lakeview, have the highest summer humidity. Lakeview had the highest occupant density and the highest infiltration (see Table 2 ), which could both contribute to higher interior moisture. Green had the highest average monthly temperature inside the home at 84°F during July 2012. The homeowner set the thermostat high while the occupants were gone (most of the month), which would decrease the heating, ventilation, and air-conditioning (HVAC) run time and would thereby reduce moisture removal.
In the rest of the discussion, the diurnal and seasonal variation of vapor movement, the sealed attic moisture sources, and the impact of a sealed attic on comfort, durability, and energy consumption will be presented. 
DIURNAL VARIATION IN HUMIDITY
In the unoccupied research homes, temperature and humidity sensors help us understand how vapor flows around the home. Figure 6 shows the p v curves of data collected during three sunny summer days (May 28-30, 2013 ) at all of the sensor locations shown in Fig. 2 When the sun was out, the p v under the roof deck (black) was higher than it was in the attic air (red). This shows the potential for water vapor flow by diffusion from the roof deck into the attic. During the day as the roof deck heats up, liquid moisture in the porous wood vaporizes. This vapor moves from areas of high vapor pressure to low vapor pressure. Since the attic has a lower vapor pressure vapor moves from the roof deck to the attic air. Also, during the night the attic p v was greater than the roof deck p v ; this shows the potential for water vapor flow from the attic back toward the roof deck. During the night, water vapor from the attic air is reabsorbed into the cool roof deck. Notice that the attic p v rose above the outdoor p v during the day; this suggests that there was a source adding moisture to the attic other than the exterior, which was likely the roof deck. For these three days the attic p v was equal to or above the interior p v , but for many days throughout the year the attic p v fell lower than the interior p v during the early morning hours. This seems to depend on how much solar insolation hit the roof during the day, the more solar insolation the higher the attic p v the following morning. Similarly, during a sunny winter day, the roof deck and attic vapor trends were similar: both rose during the day. During cloudy or rainy days, the roof sheathing p v did not rise much and usually did not get above the attic p v since the roof deck temperature did not rise significantly.
The material properties of the roof assembly and ceiling between the attic and interior were known, and the boundary conditions on either side of the assemblies were measured. We used the WUFI® heat and moisture transport software (Fraunhofer IBP 2013) to calculate the actual diffusive vapor flux and thus to understand vapor flow. We did not consider the roof rafters or holes in the ceiling when computing total vapor transport. Also, because the air pressure difference between the attic and interior was measured, we were able to compute the advective moisture movement. The flow rate described in Eq. (1) was used to compute the advective moisture flow, where Q is the flow rate in cubic feet per minute (CFM), C is the dimensionless air leakage coefficient, ΔP is the air pressure difference in pascals between the attic and interior and n is the dimensionless pressure exponent.
(1)
A guarded blower door test was used to determine the flow through the attic floor for a given pressure differential. C was found to be 102.4 and n was 0.675. The volume flow rate was converted to a mass flow rate (kilograms per hour) using the water vapor concentration of the air moving across the attic floor plane. Figure 7 shows the water vapor flow by diffusion and advection in the retrofit home for the same three days shown in Fig. 6 . As will be the convention in this paper, a negative value means the flow direction is down (i.e., from the roof to the attic or from the attic to the interior). During the day, the roof deck adds moisture by diffusion to the attic, and during the night, the attic adds moisture back to the roof deck (shown in the blue curve). This phenomenon has been colloquially referenced as a "diurnal ping-pong," because the moisture bounces back and forth between the roof deck and the attic each day. We define "ping-pong" technically as back-and-forth movements of moisture across a building interface, typically driven by a thermally induced vapor concentration gradient. The orange curve shows the diffusion of water vapor across the attic floor. During those three days, the vapor flow is from the attic to the interior and is strongest during the afternoon and early nighttime hours. The red curve shows the advection across the attic floor. Although the curve is noisy, the general trend is that during the day the air flows from the attic to the interior and during the night from the interior to the attic. Figure 8 shows the monthly average absolute moisture of the outside, under the roof sheathing, attic, and interior for the sealed attic home. The lower half of the plot shows the difference between the attic and roof absolute humidity and between the interior and attic absolute humidity. (The same sign convention used in Fig. 7 is used here.) The orange line in the lower plot of Fig. 8 show the difference between the interior and attic p v . At no time was the sealed attic less humid than the interior (i.e., the orange line is negative). The black curve is the average p v under the north and south roof deck, red is the attic air, brown is the interior of the home, and grey is the outdoor p v . On the lower plot the difference in partial pressure of water vapor is shown for the attic to the roof and for the interior to the attic. If the curve is negative, that means the diffusive flow of water vapor is down (i.e., toward the inside of the home from the attic or toward the attic from the roof deck). Figure 9 shows the actual net monthly vapor flows for the retrofit home. They correspond well to the delta pressure plots in Fig. 8 . Figure 9 also shows the net monthly advective moisture flow across the attic floor when the measurements where available. That flow is larger than the two diffusive flows shown. Unfortunately, the pressure difference across the attic floor was not measured before May 2013. However, the available data suggest that the air flow is consistent with the stack effect and reverse stack effect: during the summer the air flow is from the attic to the interior, and during the winter the air flow should be from the interior to the attic. In a vented attic house during the winter, the stack effect would allow the interior to dry into the attic and escape through the attic vents; however, when the attic is sealed, the interior moisture cannot escape through the attic vents.
SEASONAL VARIATION IN HUMIDITY
The blue curve in Fig. 9 suggests a seasonal ping-pong of moisture between the roof deck and the attic which is not observed in the vented attic home. During the summer to early winter, vapor from the attic is added to the roof sheathing. During the late winter to early summer months, vapor from the roof sheathing is added to the attic. The net diffusion of water vapor is from the attic to the roof deck in 2010 and 2011 and from the roof deck to the attic in 2012 and 2013 due to the variable capacity heat pump controlling for humidity. One caveat to keep in mind when the attic is compared with the interior for both diffusive and convective moisture transfer is that only one sensor was available to characterize the moisture levels. For example, the researchers noticed by using a thermal camera in the attic that warm moist air entered the attic from around the bathroom vents when the upstairs shower was running. Although the shower caused the interior humidity measurement to rise, some of the moisture flowed directly to the attic and bypassed the moisture sensor located in the hallway, thereby hindering the characterization by the hallway sensor of all moisture transport into the attic. Fig. 9 . Actual vapor flows in the sealed attic home. The blue curve shows diffusion from the attic to roof. Positive means the flow is from the attic to the roof sheathing. The orange curve is the diffusion from the interior to the attic. Positive means the flow is from the interior to the attic. The red curve is the convective vapor flow (advection), across the attic floor. Positive means the vapor is moving from the interior to the attic. Figure 10 shows the moisture content of the north roof deck at the retrofit home calculated using WUFI® and helps us in understanding why the sealed attics are more humid than the vented attics. During the winter as the stack effect moves humid air into the attic the wood sheathing absorbs moisture from this humid air since it cannot escape to the outside. Figure 10 shows that between September and February the roof sheathing moisture content increases. As summer approaches and the solar insolation increases the roof sheathing moisture content decreases as this stored moisture is desorbed and added to the attic air. Since the summer reverse stack effect brings attic air into the home this will add moisture to the interior. So there are at least two contributing non-mechanical phenomenon to the sealed attic's higher moisture. The first is the lack of venting and the second is the storage of moisture in the roof sheathing that acts as a capacitor for moisture. The roof deck stores moisture during the winter to release it back into the attic during the summer. 
SEALED ATTIC MOISTURE SOURCES
Above we have presented the general trends observed in attic and interior moisture levels of sealed and vented attic homes in the mixed-humid climate and described the diurnal and seasonal ping-pong of moisture between the roof deck and attic at the sealed attic research home. We have also discussed the moisture movement by diffusion and advection between the interior and the attic, namely that diffusion typically moves water from the attic to the interior but that advection dominated the moisture movement across the attic floor plane. Advection brings attic air into the interior during the summer and from the interior to the attic during the winter. Because the attic vents are foamed over in the sealed attic home and air cannot escape from the attic easily, winter advection into the attic adds moisture to the roof deck to be stored throughout the winter. When the longer summer days come with more solar insolation the stored moisture is desorbed into the attic making it more humid. During the summer since advection is from the attic to the interior the sealed attic can contribute to higher moisture levels in the home. Coupled with the fact that sealed attics reduce sensible cooling loads in the home without impacting internal sources of moisture generation (e.g. cooking, showers, etc), the SHR in the home can be significantly decreased if no additional moisture mitigation measure is taken. Now we will discuss in more detail the physics behind the roof sheathing to attic moisture transfer and how the exterior effects the attic environment. The major potential water and vapor transport mechanisms for an attic are presented in Fig. 11 . Another possible moisture transport mechanism presented in Fig. 11 is capillary suction, which will depend on the features of the roof shingles and their surface properties. We will discuss this further below.
Fig. 11. Potential water and vapor transportation mechanisms and locations in an attic and roof.
The colors of the arrows depict the type of moisture transportation. Further, the roof and the ceiling planes are also provided with colors to emphasize the boundaries between the interior, the attic, and the exterior environments.
Roof Sheathing
The diurnal nature of the measured humidity under the roof deck and in the attic was shown in Fig. 6 . The increase in humidity was not seen on cloudy or rainy days, when the temperature of the roof deck rose very little. The diurnal increase in measured water vapor is very well correlated with the temperature of the roof deck. Wood absorbs or desorbs water vapor depending on the temperature of the environment that it is in. The sorption isotherms of wood are described in the Wood Handbook and explain what is causing the diurnal variation in humidity seen under the roof deck (FPL 2010) . As the roof deck heated during the day, the wood desorbed water vapor into the space between the roof deck and foam. The humidity sensor measured the water vapor as it was desorbed. Because the attic had less absolute moisture, the water vapor under the roof sheathing diffused through the foam into the attic. When the roof began to cool off, it reabsorbed the remaining moisture that was underneath the roof deck. At night, the attic (because it had a higher humidity than under the roof deck) moved moisture up to the roof deck by diffusion through the foam. This is the diurnal or short-term ping-pong of water vapor. The same phenomenon seen in the roof sheathing is also expected to occur with all the wood in the attic as the attic environment changes throughout the day, and the wood will respond by trying to reach equilibrium moisture content with its environment.
For the summer through the early winter the net vapor flow was from the attic to the roof deck, which means the moisture content of the roof deck was rising during that time. For other parts of the year, the net flow was from the roof deck to the attic, so the roof deck moisture content was decreasing from the late winter through the early summer. This is seen in the blue curve in Fig. 9 and in Fig. 10 . Figure 10 shows the seasonal or long-term ping-pong of moisture between the roof sheathing and the attic.
ATTIC LIVING EXTERIOR -

Natural or forced
Solar-driven moisture
Some have speculated that solar-driven moisture might explain or contribute to the diurnal variation in attic humidity (Parker 2005 , BSC 2003 , and Rudd 2005 . The solar driven moisture mechanism is not well defined in literature, so we will define and access the mechanism here. Solar-driven moisture is believed to be caused by liquid water condensing on top of the roof on days when dew is likely. This water finds its way between the shingles by capillary forces and then causes the air underneath the shingles to increase in humidity, possibly reaching saturation. When the sun rises and hits the roof, the temperature of the roof rises, enabling a higher water vapor pressure in the air layer because air at higher temperatures can hold more vapor and the water between the shingle laps is readily available to be evaporated into this air layer. Due to a gradient of water vapor concentration, the potential for water vapor diffusion between the air layer and the underlying roof materials is created. This is described in Fig. 12 . The likelihood of solar-driven vapor diffusion in a roof assembly is discussed in the following analysis. As seen in Fig. 12 , condensation on the roof surface is the first essential step for solar-driven vapor diffusion, which may occur if the surface temperature is below the exterior dew-point temperature. The cooling effect from the exchange of long-wave radiation between the roof surface and the sky exists mainly during a night when the sky is clear and the winds are calm. This scenario may lower the surface temperature of the roof to a favorable point for condensation. The south roof surface temperature of the retrofit home began being measured on May 20, 2013. Since that day until December 6, 2013, 180 of the 201 days had at least 3 hours a night where the roof temperature was below the outdoor dew point temperature.
The next essential step for solar-driven vapor diffusion is for the condensed water to be transported between the laps of the shingles by an assumed capillary force. For the likelihood of such a transport Capillary risen water mechanism to be evaluated, the capillarity of the physical shingle assembly needs to be determined. Equation (2) describes the suction height, , due to capillarity (Hens 2007) : (2) where is the surface tension coefficient, is the contact angle between the shingle surface and the water meniscus, is the acceleration of gravity, is the density of water, and d is the width between the shingles. Figure 13 shows a graphic describing the physical parameters. The width between the shingles is the most decisive variable in this equation as it is not known. In general, can be assumed to equal zero (Hagentoft 2001) . After the known variables are inserted, the simplified expression of the suction height becomes Eq. (3): (3) According to Fig. 13 , the suction height, , which is also the required height to fully saturate the lap distance between the shingles, will depend on the slope of the roof. Therefore, a maximum width between the shingles can be estimated for different slopes of the roof. Assuming the width of a shingle sheet to be a 1 ft length roughly results in an overlap length of 6 in. Based on this assumption, together with a given slope of the roof, both and can be estimated, as presented in Table 3 . The slope of the roof will determine the required suction height to enable water to fill the lap between the shingles with water by capillary suction. The maximum width to maintain capillary suction between the shingles is estimated for the roof slopes of 3:12, 4:12, 8:12, and 12:12. The maximum width between the shingles, d, is remarkably small to allow for successful capillarity a Assumes a 1 ft shingle width and an overlap of 6 in.
As seen in Table 3 , the maximum width to allow for capillary suction between the shingle sheets is very small. This maximum width, d, must not be exceeded; otherwise, the suction pressure will drop and a complete filling of the interface will not exist. In addition, the shingles are usually designed with an adhesive strip, as illustrated in Fig. 14 . This strip will most likely act as a dam to block liquid water from moving through the lap, but even if it does not block water, the strip is likely to be thicker than the maximum lap width for capillarity. Given these factors, it is unlikely that solar-driven moisture can occur in this way. Further rationale for the limited existence of solar-driven moisture is discussed below. There are four essential steps for solar-driven vapor diffusion to exist in asphalt roof shingles, as shown in Fig. 12 . Even though capillary suction has been proven unlikely, the third and fourth step will still be investigated. Naturally, there are no doubts that the temperature will increase when the sun hits the roof surface; however, whether the air layer between the shingles and the sheathing is close to or fully saturated with water vapor is investigated below.
A two-dimensional simulation model was created in WUFI®2D, in accordance with Fig. 15 . In order to establish the most favorable scenario for solar-driven vapor diffusion, the lap between the shingles was assumed to be completely saturated with water at all times. The purpose was to study the effect on the p v , and thus the relative humidity, in the air layer underneath the shingles, and also the effect on the moisture content of the wood sheathing. The measured climate from the weather station at the unoccupied research houses was used as the exterior climate and the interior boundary conditions were based on measurements from underneath the retrofit home attic sheathing. Two simulations were performed; one with an assumed saturated interface between the shingles and one without any water between the shingles. The case assuming a humid air layer between the shingles and underlayment (felt) also simulates the situation where the shingles might let humid air pass to the air space between the shingles and underlayment. This scenario would assume that the shingles are breathable and that the adhesive strip is not airtight. The p v increases in the air layer with the existence of the water-saturated shingle interface. However, this increase is not sufficiently large to make a significant impact on the moisture content of the roof underlayment. According to Fig. 17 , the moisture content of the wood sheathing only increases slightly by the existence of a constant liquid-water-saturated shingle lap. In conclusion, significant solar-driven vapor diffusion through asphalt roof shingles is unlikely because the capillary force is determined to be insufficient to drive substantial amounts of water all the way through the shingle laps. Even if the water reached the sheathing its impact on the moisture content of the sheathing would not be significant compared with the impact of the moisture in the attic environment. 
Exterior
Sealed attics are in general much less connected to the outside environment than vented attics. This does not mean however that the sealed attic is perfectly isolated from the outside. There is expected to be some connection of the attic to the outside although it will be much smaller than the connection of a vented attic. A guarded blower door measurement was performed on the retrofit home and supported this conclusion, showing 336 CFM@50Pa of leakage through the roof. This is about 23% of the whole house infiltration, which was measured to be 1443 CFM@50Pa (Salonvaara et al. 2013) . Based on the LBL effective leakage area, the whole house leakage area is 77 in.
2 (Sherman and Dickerhoff 1998) . This amounts to about 18 in.
2 of leakage area in the sealed attic roof. This means that there is some amount of outside air infiltration/exfiltration between the sealed attic and exterior.
Evaluating how outside air infiltration affects the sealed attic moisture performance will depend on the climate zone. If the home is in a dry climate, then some sealed attic infiltration might not hinder the attic's moisture performance and may actually help dehumidify the attic and therefore the interior space. In a humid climate, sealed attic infiltration could negatively impact the attic's moisture performance. Because the test homes are in the mixed-humid climate, during the summer the outside air usually has a higher p v than the attic. Because there is usually a reverse stack effect, the attic would suck outside air into the attic and doing so would effectively humidify the attic. Figure 18 illustrates this with p v in the four sealed attics compared with the outdoor p v . During the winter, the stack effect would cause attic exfiltration, which would bring interior air into the attic. The interior is usually less humid than the attic, so the winter stack effect would dehumidify the attic. 
COMFORT
In general we observed higher interior humidity in sealed attic homes compared to vented attic homes. This was seen in the retrofit house compared to the builder and high performance house, which is a good comparison because the homes have the same occupant density (see Table 2 ) and are operated at the same interior temperature set points. Figure 19 shows the difference in interior relative humidity between the retrofit home and the builder home. During the summer, the sealed attic home has 5% to 15% higher humidity than the vented attic home (both homes were maintained at 76°F). This humidity level was high enough that many people complained about the "stickiness" of the sealed attic home after leaving the builder home. Furthermore, an indicator of a high-performance house is that it is comfortable. If the sealed attic as an energy conservation measure makes the interior "sticky" then we should revisit whether it is a suitable measure to bring ducts into the conditioned space in the mixed-humid climate. 
DURABILITY
There was no evidence of material degradation and minimal mold potential in the last 4 years at the retrofit home. ASHRAE 160 guidelines were used to determine whether there was any potential for mold at the north or south roof decks (ASHRAE 2009). The southern-facing roof had no potential for mold growth using the 24-hour, 7-day and 30-day performance criteria; however, for the north roof the 30-day performance criterion was not met for a period of time. During the winter of 2011/2012 for a period of about 50 days the 30-day moving average relative humidity was above 80%; however, the 7-day and 24-hour criteria were met. It is believed this was due to the high vapor concentration in the attic that was caused by a combination of the sealed attic and not using the attic ducts while the ductless multi-split system was in operation. A section of foam was removed from both the north and south roofs in March 2013. The roof deck measured less than 10% moisture content (M.C.) at both locations, and there was no visual indication of OSB degradation. Figure 11 shows the estimated monthly average moisture content of the north roof sheathing for about 3 years. The roof sheathing stays under 20% M.C., which is a good indication that there was low potential for roof sheathing decay (FPL 2010).
ENERGY CONSUMPTION
We have already determined that the higher interior moisture in the sealed attic home has not affected the durability of the building materials so far; however, it does seem that the sealed attic can increase the humidity inside a home in the mixed-humid climate, if no additional moisture mitigation measure is taken. Both the lack of attic venting and the storage of moisture in the roof sheathing that adds a capacitance for holding moisture during the winter and releasing it in the summer contributes to higher attic humidity. During the summer when the reverse stack effect brings attic air into the interior, this released moisture is added back to the living space. The sealed attic can also affect the ability of the HVAC system to dehumidify during the summer as well, further contributing to high interior moisture.
Since the sealed attic lowers the sensible heat load of the home, the HVAC will not have as long a runtime and therefore exhibit a reduced ability to dehumidify during the summer. In order to not diminish interior comfort levels in the home due to higher humidity, additional energy consumption will be required to meet remaining latent loads. Even if additional measures to mitigate moisture are not taken, a higher interior relative humidity will cause the HVAC system to operate with a lower sensible heat ratio (SHR) because more energy is being used to condense the moisture in the air as it travels over the coils. If the HVAC system could not control the interior humidity then the homeowner would likely lower the thermostat set point to increase comfort.
Multiple approaches exist to mitigate higher moisture levels in attics, which include providing conditioned air to the attic. Because the laboratory home had a variable speed HVAC system with the ability to adjust the equipment sensible heat ratio (SHR) closer to the building's (SHR), the higher moisture level in the home was reduced by controlling the humidity. The variable-capacity heat pump had two modes of operation: efficiency mode and comfort mode. The comfort mode can be used to control the relative humidity of the interior of the home to a user-determined set point. During the summer of 2012, the variable-capacity heat pump was put in comfort mode with a relative humidity set point of 46%, which was close to the humidity inside the builder and high performance homes. The effect of this can be seen in the retrofit home relative humidity during June, July, and August 2012 (see Fig. 19 ). The measured seasonal energy efficiency ratio of the system decreased 8%, from 18.7 to 17.2 (Munk et al. 2013) . When the HVAC system was controlling relative humidity, its energy consumption increased. The heat pump energy was compared to the outdoor air temperature, and two linear regressions were computed for each of the different heat pump modes. Figure 20 shows the results. Equations (4) and (5) show the linear regressions of the daily heat pump cooling energy as a function of the average daily outdoor temperature. Equation (4) is applicable when the heat pump is in comfort mode, where it controls based on a relative humidity set point. Equation (5) is applicable when the heat pump is in efficiency mode. Cooling-season (May 1-August 31) TMY3 data for Knoxville, Tennessee, was input into each of these regressions and it was found that when in comfort mode the energy consumption of the HVAC system increased by 7%.
The cost of the sealed attic in the retrofit house was about $5900 (Christian et al. 2010) . A sealed attic, however, is only one way of bringing ducts into the conditioned space. In new construction, ducts can be brought into the interior conditioned space for $0.4 to $0.5 per square foot with an estimated savings of 8% to 15% on space-conditioning bills (DOE 2013b). For a 2400 ft 2 home, this amounts to $960 to $1200, so for new construction in the mixed-humid climate, it can be more cost effective to bring ducts into the conditioned space with careful air sealing and insulation and by cleverly designed chases or by putting ducts in the interstitial space rather than by using a sealed attic. This solution also avoids possible humidity issues that could come with the sealed attic. For existing homes, the solution for bringing ducts into the conditioned space is not as easy. Well-insulated, buried ducts could be an alternative solution (Shapiro et al. 2013 ).
CONCLUSION
Oak Ridge National Laboratory studied eight homes in the mixed-humid climate to better understand the moisture performance of the sealed attic. Four were sealed attic homes, and four were vented attic homes. We observed that, on average, the sealed attic homes had both higher attic moisture levels and higher interior moisture levels than the vented attic homes. This can be attributed in part to the fact that sealed attics reduce sensible cooling loads in the home without impacting internal sources of moisture generation (e.g. cooking, showers, etc). Therefore, the sensible heat ratio (SHR) in the home is decreased. If this SHR is much lower than the equipment SHR, higher interior moisture levels in the sealed attic home could result if no additional moisture mitigation measure is taken.
Additionally, excess moisture that enters a vented attic can be removed via the ridge vents. However, it was found in the homes studied that this drying mechanism is hindered in the sealed attic because the soffit, gable, and ridge vents have been sealed with foam, thereby minimizing ventilation to the exterior. Instead of the moisture entering the attic being vented out, it is absorbed during the winter by the roof sheathing and other wood in the attic to be released back in the home during the summer. This effect also further decreases the SHR in the home. An extensive analysis of a simulated-occupancy laboratory home with an unvented attic was conducted to better assess the infiltration and exfiltration of attic moisture. Because solar driven moisture through the roof deck is often speculated as a source of moisture infiltration, physics-based analysis was used to elucidate this phenomenon and to suggest it provides very limited, if any at all, contribution to the moisture level in the home.
We also identified a diurnal and seasonal ping-pong of water vapor between the roof deck and sealed attic. Attic materials such as the roof sheathing and other wood members store moisture to be absorbed and released on diurnal or seasonal rhythms. The seasonal ping-pong between the roof deck and the attic is only observed in the sealed attic home. Despite the higher attic and interior moisture in the sealed attic, so far there is no indication of mold or material degradation.
ORNL also found that to control the humidity in the sealed attic home to levels closer to a similar unoccupied, vented attic home increased the cooling energy consumption by 7%. This reduced the estimated 10% space-conditioning energy savings expected with the sealed attic energy conservation measure. Therefore, sealed attics may not be a cost-effective way to bring ducts into semiconditioned spaces in the mixed-humid climate.
Further research can be done in other climate zones to see whether sealed attics have the same effect on the interior as in the mixed-humid climate. Also the current hygrothermal properties of roof assembly materials are not known at in situ conditions. Current properties are typically assessed at standard temperature and pressure (Lstiburek 2011) . It is not known how a roof assembly responds to varying levels of relative humidity when a roof experiences the typical thermal fluctuations. Roof sheathing temperatures range from 10°F to 160°F throughout the year. Thus it is necessary to know the properties of a roof assembly at different temperatures to correctly estimate and model vapor diffusion through or in it.
Other research needs to be done to understand how the condition of the attic floor (air leakage and thermal resistance) affects the moisture performance of the sealed attic. As was discussed in this report, the way the interior interacts with the sealed attic affects the humidity in the attic. This interaction studied in different climate zones can help us understand the sealed attic moisture performance across the United States.
